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ABSTRACT 
 Differential tissue allocation in animal sensory systems is common and varies 
with habitat. Worker ants perform a variety of complex tasks that depend on neural 
capacity, with chemical cues considered central to ant behavior. The antennal (olfactory) 
lobes of ant brains are often highly developed relative to other insects; however, arboreal 
ants that live in environments with higher light levels tend to rely more on visual cues 
than olfaction compared to terrestrial ants. The extent to which habitat-driven behavior 
affects neural investment in tropical rainforest ants is unknown. Here, I focused on three 
common tropical ant species (Pseudomyrmex boopis, P. oculatus, and P. gracilis) that 
nest and forage in different habitats from the ground to the canopy within neotropical 
rainforests. I tested the hypothesis that relative investment in olfactory neural structures 
varies interspecifically with habitat association. I predicted that: (1) Canopy-dwelling 
species have a lower density of sensilla on their antennae and fewer glomeruli associated 
with olfaction; (2) Canopy-dwelling species have a lower antennal lobe to glomeruli 
volume ratio; and (3) Antennal sensilla density is correlated with the number of glomeruli 
among individuals within species. The results did not support these predictions, with the 
canopy species P. oculatus having the greatest sensilla density relative to its body size 
and a higher average number of glomeruli. There were no differences in antennal lobe to 
glomeruli volume ratios among species. Despite a small sample size (n = 5) preliminary 
results suggest there is a positive relationship between the number of sensilla and the 
number of glomeruli in these ants. The findings of this study suggest that allometry is 
critical in determining the relative number of sensilla and glomeruli and that 
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size differences do not restrict investment in necessary olfactory structures across the 
three species.  
Key Words: Tropical ants, sensory ecology, antennal lobe glomeruli, insect sensilla, 
insect antennae 
 
INTRODUCTION 
 Sensory systems provide the foundation for animal behavior. Direct links between 
an animal’s habitat and its sensory investment are evident in multiple different taxa; for 
example, reduced investment in visual structures in both the star nosed mole and the 
Mexican cavefish reflect the low-light conditions of their principal habitats (Alcock 
1998; McGaugh et al. 2014; Moran et al. 2015). Although often less conspicuous, 
habitat-based variation in sensory neural tissue anatomy occurs across many insect orders 
(Dekker et al. 2006; Kazawa et al. 2009; Namiki et al. 2014). Such investments also 
come with trade-offs; for example, different species of fruit flies (Drosophila) invest 
more in either olfaction or vision based on the dominance of vision in light-dependent 
courtship behavior (Keesey et al. 2019). These trade-offs may also be energetically 
constrained (Aiello & Wheeler 1995; Steven et al. 2000). 
 Neural tissue is extremely expensive to produce and maintain (Gronenberg & 
Holldobler 1999). Generally, the relative size of an organ is a reliable indicator of its 
relative metabolic cost when functioning (Hofman 1983). However, brain tissue in 
particular has a high energetic demand even while resting (Herculano-Houzel 2011). For 
example, 20% of resting oxygen consumption in humans is allocated to brain function 
(Laughlin et al. 1998). Consumption of ATP by blowfly photoreceptors and large 
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monopolar neurons similarly approaches 10% (Laughlin et al. 1998). Even the smallest 
ants have brains that are around 15% of their total body mass (Seid et al. 2011), 
suggesting that the expected metabolic investment in neural activity is quite high.  
Ants are a good focal taxon for studies of habitat-based neural investment in part 
because they occupy a broad range of terrestrial habitats (Barden & Grimaldi 2016). 
Furthermore, investment in neural tissue in ants tends to reflect behavior more than brain 
size constraints (Muscedere et al. 2014). Thus, examining neural tissue investment 
patterns in ants will further our understanding of the relationship between habitat 
preferences and morphology more generally. 
The antennal lobes of ant brains (Figures 1 & 2) are relatively large among 
hymenopteran insects because ants are highly dependent on olfaction as a mechanism for 
pheromone-based communication (Gronenberg 2008). Small structures within the 
antennal lobes, called glomeruli, function as the sensory neuron terminals (Hildebrand & 
Shepherd, 1997). Each glomerulus corresponds to one specific type of odor receptor 
molecule (Zube 2008). The sensory neurons that innervate the glomeruli are associated 
with hair-like sensory receptors on the antennae called sensilla; a single sensillum 
contains one or a few sensory neurons (Kelber et al. 2010). Presumably, the number of 
odors that can be detected is related to the number of glomeruli (Gronenberg 2008), and 
by extension, the number of sensilla. The capacity to detect and distinguish different odor 
molecules shapes behavioral differences. Ants in different habitats exhibit different 
reliance on olfactory-related behaviors. Specifically, arboreal ant species tend to rely 
more heavily on vision whereas ground-nesting species rely predominately on chemical 
cues (Jaffe & Perez 1989).  
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Figure 1. An example of a confocal microscopy image slice of a Pseudomyrmex gracilis 
brain. The entire brain was scanned as 2 micron thick slices, allowing for subsequent 3D 
reconstruction and volume measurements.   
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Figure 2. The sensory pathway of a typical Pseudomyrmex ant worker. Sensilla (the 
magenta extensions protruding from the bottom of the antenna) are hair-like receptors on 
the antenna that are innervated by one or more sensory neurons (the magenta line 
extending throughout the antenna.) Sensory neurons terminate in specialized globular 
structures called glomeruli (the blue spheres within the red region) found within the 
olfactory lobes of the brain (the red highlighted regions of the brain.) 
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Brain 
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The nesting habits of ants are associated with their food preferences and foraging 
behavior (Dejean et al. 2014). Ground nesting species typically are predator-scavengers, 
whereas most canopy-nesting ants are secondary herbivores, feeding on the sugary 
exudates of sap-sucking insects (Davidson et al. 2003). Furthermore, there is a tendency 
for ground-nesting species to be more dependent on chemical sensory modalities 
compared to canopy-nesting species (Jaffe & Perez 1989). Habitat requirements influence 
behavior, and differential neural investment occurs as a result of increased behavioral 
demand on neural function (Chittka & Niven 2009; Shultz & Dunbar 2011; O’Donnell et 
al. 2013). The relationship between these two concepts have been indirectly demonstrated 
by various means, but more extensive research is needed to determine if habitat-driven 
behavior affects neural investment. 
 The tropical rainforest provides an exceptional opportunity to examine how traits 
vary along habitat gradients. In particular, rainforests are known for the dramatic abiotic 
differences that exist between the canopy and the understory (Parker 1995; Yanoviak & 
Kaspari 2000). Specifically, the canopy is highly insolated, drier, and hotter relative to 
the dark, humid, and somewhat cooler understory (Parker 1995; Yanoviak & Kaspari 
2000). This gradient of abiotic conditions is demonstrated in the stratified vertical 
distributions of many taxa, including wasps, flies, beetles, butterflies, and ants (Basset et 
al. 2003). 
 Ants in the genus Pseudomyrmex (Figure 3) live in warm temperate and tropical 
climates (Antwiki 2019). Many Pseudomyrmex species nest in hollow twigs of lianas 
(woody vines) and canopy trees (Antwiki 2019).  Workers of these three species 
generally occupy different portions of the ground-to-canopy gradient (Figure 4).   
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Figure 3. Images of all focal species in the field at Barro Colorado Island, Panama 
 (photo credit: Daniella Prince.) Top: Pseudomyrmex boopis chewing pollen. 
 Middle: Pseudomyrmex oculatus on the right side of a plant stem. Bottom: 
 Pseudomyrmex gracilis carrying one of her sisters. 
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Pseudomyrmex boopis primarily nests in twigs found on or near the ground, and forages 
on the surfaces of leaf litter and understory plants. Pseudomyrmex gracilis and 
P. oculatus are canopy-nesting species that typically forage within tree crowns, although 
they occasionally forage on understory vegetation in light gaps. Given the lower light 
levels of the understory compared to the canopy (Endler 1993; Yanoviak & Kaspari 
2000), understory ant species should be more dependent on olfaction than vision as a 
primary sensory modality. Here, I tested the hypothesis that these different habitat 
associations are reflected by interspecific differences in neural anatomy. I predicted that: 
(1) There will be a lower density of sensilla in the arboreal species, P. oculatus and 
P. gracilis, than in P. boopis; (2) There will be a lower antennal lobe to glomeruli ratio in 
the arboreal species; and (3) There will be a relationship between the number of sensilla 
per unit area per antennal segment and the number of glomeruli in each ant species. 
 
METHODS 
Specimen Collection and Preparation 
 All worker ants used in this project were collected on Barro Colorado Island, 
Panama. The island is covered primarily by lowland tropical forest (Leigh et al. 1996). 
Ants were collected by hand and dissected in a phosphate buffered saline (PBS), which is 
0.01 M phosphate, (NaCl 0.138 M), pH 7.4 at 25 °C, by Daniella Prince. The dissected 
brains were fixed overnight in 4% paraformaldehyde in PBS at 4 °C, then immunostained 
following a protocol for confocal microscopy (adapted from Kamhi et al. 2017). 
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Figure 4. The canopy-to-ground gradient along which the three focal species are typically 
distributed. The canopy typically experiences higher light levels than the understory. 
Pseudomyrmex oculatus (in the top section), nests and forages in the crowns of trees. 
P. oculatus can occasionally be found near the ground but will spend most of its time 
near the top parts of its nesting tree. Pseudomyrmex gracilis (in the middle section), also 
nests and forages in the crowns of trees although will often forage near the ground. 
Pseudomyrmex boopis (in the bottom section), nests in empty twigs on or near the 
ground, and is rarely collected in tree canopies. 
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 Antennae from each individual ant were preserved in ethanol and transported to 
the University of Louisville under export permit No. SEX/A-3-2019 provided by the 
Panamanian Ministry of the Environment. The antennae and dissected brains from each 
individual remained associated through a labelling system. Antennal specimens were 
cleaned for scanning electron microscopy (SEM) by sonication in ethanol for 15 seconds 
at 40 Hz. They were then attached to SEM stubs with carbon tape and sputter coated with 
Au-Pd for 60 seconds. The antennae were imaged using a Zeiss Supra 35VP SEM at the 
University of Louisville. 
 
Sensilla Density 
   To test the prediction that there is a difference in sensilla density between the 
arboreal and terrestrial species, SEM was used to generate images of the antenna of each 
Pseudomyrmex species (Figure 5). The total number of sensilla on the dorsal face of each 
antenna was counted by marking the base of insertion in the antennal cuticle (Figure 6). 
Pores where sensilla had been detached were also counted. For sensilla on lateral portions 
of the antenna that were not entirely visible from the dorsal view, insertion points were 
counted and tips of sensilla that appeared to originate from previously counted pores 
were omitted. Obscured lateral sensilla or sensilla that could not be readily differentiated 
were not included in counts. The total area of the antenna (µm2) was then measured. 
Sensilla density was calculated as the area of an antennal region divided by the number of   
10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. An example of a scanning electron microscopy (SEM) image of the tip of a 
Pseudomyrmex oculatus antenna. The sensilla are the hair-like structures covering the 
surface of the antenna. 
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             (a)                                  (b)  
             
 
Figure 6. An example of the sensilla counting method on a Pseudomyrmex oculatus 
antenna. (a) shows the counts made on the whole antenna; (b) shows details of the counts 
of the tip of the antenna. 
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sensilla in that region. To standardize the densities and allow comparison between 
species with substantial size differences, all measurements were normalized to the head 
width of each individual (i.e., calculated as sensilla density per unit head width).  
 
Antennal Lobes and Glomeruli 
 To test the prediction that there is a difference in the antennal lobe to glomeruli 
ratio between the arboreal and terrestrial species, immunostained confocal microscopy 
images were analyzed to quantify the number of glomeruli and the volumes (µm3) of 
glomeruli and antennal lobes (Table 1). These structures were measured using the open-
source 3D reconstruction program Fiji within NIH Image-J (Figures 7 & 8). The 
resolution of the confocal scans was not ideal across all layers of the scans for observing 
glomeruli. To compensate for this, glomeruli were assessed depending on the degree of 
distinguishability from both other glomeruli and the surrounding antennal lobe tissue. If 
there was no clear distinction between the two, observed tissue was not counted as 
glomeruli. An antennal lobe to glomerulus ratio was calculated for each ant and 
normalized to head width as described above. The ratios of the individuals were 
compared using one-way ANOVA in R (version 3.6.2; R Core Team 2019). 
 Finally, to test the predicted positive relationship between the number of sensilla 
and the number of glomeruli, the mean numbers of sensilla per µm2 per antennal segment 
and mean number of glomeruli were compared between each individual of each species. 
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Table 1. Summary of confocal brain scan sample sizes for each Pseudomyrmex species. 
 
Species Number of 
brains evaluated 
Total number of 
antennal lobes evaluated 
P. boopis 4 7 
P. gracilis 3 4 
P. oculatus 5 10 
  
14 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. An example of traced glomeruli of an immunostained confocal microscopy 
image of a Pseudomyrmex boopis brain. Glomeruli are shown in yellow.  
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Figure 8. An example of a volumetric 3D reconstruction of a Pseudomyrmex boopis brain 
(shown in three-quarter view) generated from tracing of confocal images. Glomeruli are 
shown in yellow.   
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RESULTS 
Sensilla Density 
 
 Pseudomyrmex boopis (n = 5) had a greater total number of sensilla than 
P. gracilis (n = 5) and P. oculatus (n = 5); the latter two did not differ from each other 
(F2,15 = 20.95, p < 0.00005; Tukey post-hoc, p < 0.003; Figure 9). Pseudomyrmex 
oculatus had a higher density of sensilla than P. boopis and P. gracilis; the latter two did 
not differ from each other (F2,11 = 36.84, p < 0.0001; Tukey post-hoc, p < 0.001; 
Figure 10).  
 Pseudomyrmex boopis had the highest number of sensilla (normalized to head 
width) out of all three species; but had the lowest sensilla density when considering its 
overall body size. Pseudomyrmex gracilis had the lowest number of sensilla normalized 
to head width but had a greater sensilla density than P. boopis relative to its overall body 
size. 
 
Antennal Lobes and Glomeruli 
 Brain sections of Pseudomyrmex oculatus (n = 10) had a greater number of 
glomeruli than P. gracilis (n = 4) and P. boopis (n = 7); the latter two did not differ from 
each other (F2,15 = 17.19, p < 0.001; Tukey post-hoc, p < 0.0001; Figure 11).  
 A volumetric antennal lobe to glomeruli ratio was created for each individual. No 
differences were found in the relative volumes of glomeruli between the three species 
(F2,33 = 3.40, p < 0.045; Tukey post-hoc, p < 0.443; Figure 12.)  
 The relationship between the number of sensilla and the number of glomeruli was 
not able to be adequately assessed due to a lack of overlapping brain and antennae  
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Figure 9. Total sensilla number normalized to head width per species, showing 
 means + SE.   
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Figure 10. Sensilla density normalized to head width per species, showing means + SE.  
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Figure 11. Number of glomeruli adjusted to head width per species, showing means + SE. 
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Figure 12. Relative volume of glomeruli per species, showing means + SE. 
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Figure 13. Total number of sensilla (y-axis) vs. the number of glomeruli (x-axis). The 
five points represent individuals that had both brain scans and SEM antennal images.    
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samples from a single individual (n = 5). However, preliminary results were gathered 
(Figure 13). Generally, P. gracilis had the highest average numbers in most characteristic 
categories, with P. oculatus with the lowest (Table 2).  
 
DISCUSSION 
 The differential allocation of neural tissue with respect to habitat and behavior is 
prevalent in nature. If the ant genus Pseudomyrmex follows patterns of habitat-driven 
tissue investment similar to organisms such as the eyeless cave shrimp, patterns of 
differential investment are likely to exist between ants that occupy the well-lit forest 
canopy vs. the darker understory. Specifically, I expected to find relatively higher sensilla 
densities in the understory-foraging P. boopis compared to the canopy-foraging 
P. oculatus and P. gracilis, because olfactory investment may be more beneficial in the 
understory than in the canopy. 
 Following the assumption that as arboreal ant species, P. oculatus and P. gracilis 
may tend to rely on visual cues more than chemical cues (Jaffe & Perez 1989), I expected 
to find lower numbers of sensilla, sensilla density, and antennal lobe to glomeruli ratios 
compared to P. boopis. Although P. oculatus did have a lower total number of sensilla 
than P. boopis, it had the greatest sensilla density. This suggests that differences in 
habitat alone are not sufficient to explain differential sensory tissue investment in these 
closely related species. Furthermore, sensilla are primarily used in olfaction but can also 
serve other functions. For example, there are specific sensilla that are responsible for 
mechanoreception, thermoreception, and the detection of carbon dioxide (Marques-Silva 
et al. 2006). I did not quantify the different types of sensilla—which are occasionally   
23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Total number of sensilla (y-axis) vs. the number of glomeruli (x-axis). The 
five points represent individuals that had both brain scans and SEM antennal images. 
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Table 2. A summary of characteristics by species (±SE).  
 
Species Average 
number of 
sensilla 
Average 
sensilla 
density 
(µm2/sensilla) 
Average 
number of 
glomeruli 
per 
antennal 
lobe  
Average 
glomerular 
volume 
(µm3) 
Average 
antennal 
lobe to 
glomeruli 
ratio 
P. boopis 3770.50 
(±139.91) 
 
39.44 
(±0.96) 
125.96 
(±27.04) 
2765.65 
(±61.38) 
0.31 (±0.03) 
P. gracilis 3981.33 
(±285.17) 
 
43.26 (±3.70) 95.88 
(±23.04) 
3213.74 
(±78.68) 0.22 (±0.03) 
P. oculatus 2024.17 
(±45.33) 
 
53.49 (±0.96) 181.45 
(±18.43) 
1141.91 
(±22.61) 0.38 (±0.03) 
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difficult to discriminate visually—and this is a topic for future examination. Further 
investigation may reveal which abiotic factors are more important for detection by 
canopy-nesting versus understory-nesting ants, should some types of sensilla significantly 
outnumber others. 
 Pseudomyrmex oculatus had a greater number of glomeruli when normalized to 
head width than P. gracilis or P. boopis. However, no differences were found between 
the relative volumes of glomeruli between all three species. This implies that 
P. oculatus—and most likely, smaller ant species, in general—do not invest in more 
voluminous glomeruli but possess an amount that detects the odorants necessary for 
survival and behavior. This fits with current knowledge of brain allometry, wherein 
small-bodied ants possess much smaller brains when compared to similarly sized 
vertebrates (Wehner et al. 2007). It is more important to have a relatively large number of 
glomeruli than having few, but larger glomeruli. This is further reinforced as P. gracilis—
the species with the largest body size—had a lower number of glomeruli when compared 
to its head width. No extra volume was invested into glomeruli than necessary for 
achieving a suitable number. 
 Sensilla are sensory structures that cover the surface of ant antennae. They are 
innervated by sensory neurons, which terminate in the glomeruli found within the 
antennal lobes (Hildebrand & Shepherd 1997). Because of this relationship, I predicted 
that there would be a correlation between the number of sensilla and the number of 
glomeruli for individuals. I did not have enough antennae and brain samples from the 
same individuals to determine if there was a relationship between the number of sensilla 
and the number of glomeruli. Some brain scans—mostly for P. gracilis individuals, likely 
26 
 
due to their relatively large size—possessed antennal brain regions that were not well 
penetrated during the immunostaining process, creating some regions of neural tissue 
where glomeruli were not clearly visible or were indistinguishable. Also, some antenna 
samples, although they had been sonicated in ethanol, had particulate matter that 
obscured some parts of the sensilla.  
 An animal’s habitat provides the selective pressures that influence its behavior, 
and behavior is mediated by an organism’s neurobiology. As an animal’s habitat changes, 
its neuroanatomy may predict whether and how an animal can respond. This study 
examined the neural anatomy of three similar species that live in different habitats. 
Understanding this relationship is valuable to predictions of whether an animal is capable 
of altering its range, physiology, or behavior in response to habitat loss or changing 
abiotic conditions resulting from global environmental change.  
 The high light environment of the canopy allows for arboreal ants to have more 
sophisticated eyes, reflected in their reliance on visual cues more than olfactory cues. The 
canopy is also hotter compared to the understory (Parker 1995; Yanoviak & Kaspari 
2000). Chemical trails may not be as useful in the canopy compared to the understory. 
Pheromones have the potential to decay, evaporate, or sublime as temperatures increase 
(van Oudenhove et al. 2011). For terrestrial ants, increases in temperature may prove 
detrimental if it interferes with the maintenance of their pheromone trails. Examining the 
relationship between habitat and neural tissue allocation—particularly those regions 
associated with olfaction—may allow for a more refined understanding of how changes 
in habitat may affect ants.  
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